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ABSTRACT
Nuclei of early-type dwarf galaxies (dEs) are usually younger than the galaxy main body, and such
discrepancy in age has been a puzzle. To explore the origin of young nuclei in dEs, we study a
sample of dEs having compact star-forming blobs that are visually similar to dEs’ nuclei but by far
bluer. We find that (1) the compact star-forming blobs have a typical stellar mass of one percent of
the host galaxy stellar mass; (2) some of the blobs are positioned slightly off from the center of the
galaxies; (3) the Hα equivalent width measured from the publicly available Sloan Digital Sky Survey
fiber spectroscopy shows their formation ages being an order of few Mega-year; and (4) their emission
line metallicities, 12 + log(O/H), are as high as the solar value, while the underlying galaxies have
the typical stellar populations of dEs, i.e., log(Z/Z)∼−0.8. Based on the results, we argue that
the central star-forming blobs can provide a caught-in-the-act view of nuclei formation in dEs, and
discussing possible formation mechanisms of young nuclei in old dEs. We particularly propose that
these off-centered compact star-forming regions may act as seeds of nuclei as proposed in the ‘wet
migration’ scenario of Guillard et al. (2016).
Keywords: Dwarf galaxies (416); Early-type galaxies (429); Nucleated dwarf galaxies (1130); Star
formation (1569); Virgo Cluster (1772)
1. INTRODUCTION
From the ground- and space-based imaging of early-
type dwarf galaxies (dEs), it has been shown that the
central nuclei are common in these galaxies (Coˆte´ et al.
2006; Lisker et al. 2007; den Brok et al. 2014). In par-
ticular, around a stellar mass of 109 M, the nucleation
fraction reaches & 90 % (Turner et al. 2012; den Brok
et al. 2014; Sa´nchez-Janssen et al. 2019). These central
nuclei have typical sizes of a few to a few tens of par-
secs with a mass of nearly 1 % of their hosts (Coˆte´ et al.
2006; Rossa et al. 2006).
High-resolution imaging from the Hubble Space Tele-
scope observations have revealed that dE nuclei are
slightly bluer than the rest part of their host galaxies
(Lotz et al. 2004; Coˆte´ et al. 2006). Moreover, detailed
stellar population studies from integrated light spec-
troscopy have shown that they are, on average, younger
than the host galaxies’ stellar halos (Chilingarian 2009;
Paudel et al. 2011; Gue´rou et al. 2015; Kacharov et al.
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2018). The nuclei of dEs have size and mass ranges simi-
lar to those of bright globular clusters and ultra-compact
dwarf galaxies, and thus it is natural to speculate that
these objects are the remnant nuclei of tidally disrupted
dEs (Bekki & Freeman 2003; Paudel et al. 2010; Mieske
et al. 2013; Seth et al. 2014; Voggel et al. 2016).
Nuclei of dEs follow the same scaling relation of a
galaxy’s mass and its central black hole mass, extending
down to the low-mass systems where nuclei are common
(Ferrarese et al. 2006). In a number of dwarf galaxies,
both black holes and nuclei are present at the galactic
center (Jiang et al. 2011; Reines et al. 2013). Whether
black holes and nuclei form via the same mechanism or
either of them serve as a seed for the other is still an
open question.
The correlation between the nuclear mass and the host
galaxy mass suggests a link between the formation his-
tories of the nuclei and their galaxies, that is, their co-
evolution. Since the nuclei of galaxies sit at the depth of
the galactic potential well, various phenomena such as
supermassive black holes, active galactic nuclei, central
starbursts, and extreme stellar densities may be associ-
ated with the nuclei (Ferrarese et al. 2006; Bo¨ker 2010;
Seth et al. 2006). One topic of much recent interest
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is whether all dEs started with central nuclei and coe-
volved together, or nuclei formed at the substantially
later part of host galaxy evolution (Cen 2001; Bekki
2007; Guillard et al. 2016). In terms of size, luminos-
ity, and overall frequency, dE nuclei are quite similar to
the nuclear star clusters of late-type spirals, allowing us
to speculate that dEs are environmentally transformed
objects (Coˆte´ et al. 2006; Georgiev & Bo¨ker 2014).
In this context, a detailed understanding of how nu-
clear clusters formed may reveal the general mechanism
that drives the formation of massive central objects of
all types. Two basic scenarios have been suggested: (1)
nuclear clusters form via mergers of multiple globular
clusters accreted through dynamical friction (Tremaine
et al. 1975; Oh & Lin 2000; McLaughlin et al. 2006;
Bo¨ker 2010), and (2) nuclear clusters form in situ from
gas channeled into the centers of galaxies (Milosavljevic´
2004; Bekki 2007). However, in practice, these two for-
mation scenarios do not need to be mutually exclusive.
More recently, Guillard et al. (2016) proposed a ‘wet
migration’ scenario, where a massive star cluster forms
near to the center, and it migrates to the center via
a combination of interactions with other substructures
and dynamical friction. In this work, we present a study
of a sample of dEs that possess star-forming blobs near
the galaxies’ isophotal center. We expect that the study
of the central star-forming objects can provide a caught-
in-the-act view of nuclei formation in low-mass galaxies.
2. THE SAMPLE
The six galaxies analyzed in this work are drawn from
the sample of our extended catalog of dEs in the nearby
universe (z < 0.01) prepared from the Sloan Digital Sky
Survey (SDSS) database (Paudel et al. 2014). We select
dEs by visual inspection of both the SDSS color images
and spectra (see Paudel et al. 2014), and these six galax-
ies in particular draw our attention. Unlike other dEs
that contain relatively old or at least non-star-forming
nuclei (Paudel et al. 2011), they possess a compact star-
forming region near the center with no other nuclei, as
we can see in the top panels of Figure 1. These com-
pact star-forming regions mimic young nuclei similar to
the star-forming nuclei found in gas-rich spiral galaxies
(e.g., NGC 4395; Georgiev & Bo¨ker 2014).
We know that some dEs indeed possess central star
formation (e.g., Lisker et al. 2006; Urich et al. 2017).
They are commonly known as the blue-centered early-
type dwarf (dE bc), which possess extended blue regions
(see Figure 1, bottom panels). A standard definition of
the nucleus of a dwarf galaxy is the existence of a lu-
minosity excess over the main stellar distribution in the
core region (Sa´nchez-Janssen et al. 2019). In this work,
we consider the presence of a compact star-forming blob
in the core region as a young blue nucleus. This defini-
tion may not agree with the conventional definition for
relatively old nuclei found in dEs. We are particularly
interested in dEs with a compact star-forming blobs be-
cause they may be progenitors of young nuclei.
We provide the global properties of our sample galax-
ies in Table 1. We have chosen a redshift range of less
than 0.005 or distances less than ∼20 Mpc. We use this
distances limit because we intend to better resolve the
compact star-forming regions. In the top panels of Fig-
ure 1, we can see the prominent blue nuclei at the cen-
ter, contrasting with the red-looking halos of the galax-
ies. For comparison, we also show some blue-centered
dEs of Lisker et al. (2006) in the bottom panels. They
show more extended star-forming regions at the center,
which are not as blue as the cores of our sample galax-
ies. Our sample galaxies are morphologically typical of
dEs, and their g− r colors ranging 0.8∼ 1.0 ensure that
they are at the red sequence of dwarf galaxies in the
color−magnitude diagram (Lisker et al. 2008).
All galaxies but one are located at the outskirts of the
Virgo cluster and have low relative line-of-sight radial
velocities with respect to the cluster center galaxy, M87,
which makes them likely members of the cluster. We
thus consider a mean distance of the Virgo cluster (16.5
Mpc; Mei et al. (2007)) as the distance to our galaxies.
One, dE6, is located near to NGC 3945 group at a sky-
projected distance of 780 kpc from the group center,
and the relative line-of-sight radial velocity is as low as
155 km s−1. We consider a distance of NGC 3945 (21.6
Mpc; Theureau et al. (2007)) as the distance to dE6.
The data show that none of these are located in a highly
dense environment.
3. DATA ANALYSIS
3.1. Imaging
The structural and photometric properties of host
galaxies and their central nuclei are derived using the
archival images available at the SDSS-III Data Archive
Server (Abazajian et al. 2009). The basic reduction pro-
cedures, such as bias-subtraction, flat-field-correction,
sky-subtraction, and flux-calibration, were already per-
formed in the archival images. To create an image mo-
saic with a desired field of view, we use a tool provided
by the SDSS-III1. We subtract the sky-background
counts, following the same scheme as in our previous
publication (Paudel et al. 2014).
For image analysis, we make extensive use of the i-
band images, with which we derive the galaxies’ struc-
tural parameters, and use them as the references for
other band images. To extract the galaxies’ major-axis
light profiles, we use the IRAF ellipse task. We first
mask all non-related background and foreground objects
manually, before running the ellipse task. In the cases
of the sizably off-centered nuclei, we also mask them.
During the ellipse fit, the center, position angle, and
ellipticity are allowed to vary.
1 https://dr12.sdss.org/mosaics/
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The observed galaxy light profile is fitted to a Se´rsic
function using a χ2-minimization scheme. We skip the
central 5′′ in the galaxy light profile to avoid contamina-
tion from nuclear light. The results of the best-fit Se´rsic
parameters (i.e., Se´rsic indices and effective radii) are
listed in Table 1, columns 7 and 8, respectively. We
show the best-fit model subtracted residual images in
the upper panels of Figure 2. The centers of the galax-
ies are obtained by averaging the centers of the ellipses
from Re/2 to Re. In this range, the ellipse fit shows
the center is already stable. To derive the centers of the
nuclei, we use the g-band residual images with which
we calculate their centroids. In the bottom panels of
Figure 2, we show the g − r color maps of our galaxies,
where the black ellipses represent the best-fit ellipses at
the half-light radius. We also identify the centers of the
galaxies with black cross marks. The distance between
the galaxy center and nuclei are listed in Table 2, column
5.
We finally measure the total light in the nuclei from
the residual images after subtracting the model galaxy
light in the SDSS g−, r−, and i−band images. We
derive the stellar masses of the nuclei from the r-band
magnitudes and the mass-to-light ratios obtained from
g − r based on Bell et al. (2003).
3.2. Spectroscopy
We retrieve the optical spectra of the six dEs from the
SDSS data archive. The SDSS spectra were observed
with the spectrograph fed with the 3′′ fibers that corre-
spond to a physical diameter of 240 pc at the distance
of the Virgo cluster and 315 pc at the distance of NGC
3945. While carefully matching the positions of nuclei
and the fibers, we found that the SDSS fibers were al-
ways positioned at the nuclei, rather than the galaxies’
geometric centroids (Figure 2, top panels).
The optical spectra of these galaxies show strong
emission-lines and resemble a typical spectrum of a star-
forming HII region. However, we attempt to derive the
properties of the underlying old stellar populations us-
ing available information in the absorption features as
well as the properties of star formation based on the
emission-lines. We first fit the observed galaxy spec-
trum in a wavelength range from 4000 to 7000 A˚ with
simple stellar population models from Vazdekis et al.
(2010). In doing so, prominent emission-line regions
are masked. For this purpose, we use a publicly avail-
able full-spectrum fitting tool, the University of Lyon
Spectroscopic Analysis Software (ULySS Koleva et al.
2009). The fit is not satisfactory in the cases of dE1
and dE6, which have the strongest Hα emission. We
caution that the inferred parameters of the underlying
old stellar populations should be considered qualitative.
To derive them more precisely, the extraction of galaxy
spectrum should be done significantly away from the
central young nuclei (Paudel et al. 2011), where there is
no contamination from the emission-lines.
Finally, we measure the emission-line fluxes by ana-
lyzing the stellar-continuum-subtracted spectra. In the
cases of dE1 and dE6, we directly measure the emission-
line fluxes from their original SDSS spectra because, as
mentioned above, the fitting of the old stellar popula-
tion is not satisfactory. We derive oxygen abundances,
12 + log(O/H), using the O3N2 method (Marino et al.
2013). The Hα emission-line flux is converted to a star-
formation rate (SFR) using the calibration of Kenni-
cutt (1998). We find that the Balmer decrement (c =
Hα/Hβ) ranges from 3.0 to 3.5, which indicates a mild
effect of dust reddening. The estimated values of 12 +
log(O/H), SFR and c are listed in Table 2, columns 7,
8, and 9, respectively.
4. RESULTS
The observed colors of nuclei are significantly blue and
they all have a negative value of g − r. Given that
the nuclei have a narrow range of the Mr magnitude
(−12.7∼−13.5), it is not surprising that their stellar
masses of nuclei are similar (∼5×106 M). Note, how-
ever, that the estimated values of stellar mass are rather
uncertain since we use a single optical color (g − r) to
calculate the mass-to-light ratio (Zhang et al. 2017).
In Figure 2, the position of the galaxy center (black
cross mark) does not always overlap with the bluest po-
sition of the map, suggesting some of the nuclei are off-
centered. A half of our sample have the galactocentric
distances of the nuclei that are larger than the obser-
vational point-spread functions (see Table 2, columns 5
and 6).
From Hα, we can get a rough estimate of the star-
formation age. For this, we use the Starburst99 model
(Leitherer et al. 1999), assuming an instantaneous burst
of star formation and a solar value of metallicity. For
equivalent width EW(Hα) higher than 100 A˚, the ages
of star formation are estimated to be less than 10 Myr.
Simple estimation of the stellar mass accumulated over
the periods of star formation, assuming a solar value of
metallicity, shows that the total stellar mass is two or-
ders of magnitude less compared to the photometrically
calculated stellar mass. There are many reasons for this
discrepancy. As mentioned above, the use of a single op-
tical color to calculate the mass-to-light ratio may over-
estimate the stellar mass. A detailed analysis of spectral
energy distributions with longer baseline wavelength is
required. Besides, the subtraction of underlying host
galaxy light might not be perfect. In particular, due to
the lack of sufficient spatial resolution, it is not trivial
to extrapolate the central light from the model that is
mainly fit with the outer part of the galaxies.
Analysis of the SDSS fiber spectroscopic data reveals
that the nuclei have relatively high emission-line metal-
licity (12 + log(O/H) > 8.4 dex), with a median 8.59.
The solar value is 8.66 dex (Pilyugin et al. 2003). In
Figure 3, we show a relation between 12 + log(O/H)
and the r-band absolute magnitude. The comparison
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sample galaxies are the SDSS star-forming galaxies of
the redshift range of 0.01∼ 0.02 (Duc et al. 2014), and
our galaxies significantly deviate. The derived metallic-
ity of the underlying old stellar population seems to be
consistent with that of typical dEs (Paudel et al. 2011)
with a median value of log(Z/Z) being −0.8. This im-
plies that the gas is about five times more metal-rich
than the underlying old stellar population.
5. DISCUSSION
5.1. Star Formation
The SFR derived from the SDSS fiber spectra is, on
average, ∼ 0.03 M/yr. As we pointed out above, the 3′′
fiber mainly samples the central region, particularly the
nucleus. We also measure the global SFRs of the galax-
ies from the FUV images observed with the Galaxy Evo-
lution Explorer (Martin et al. 2005). Interestingly, the
FUV-based global SFRs are consistent with the SDSS
fiber SFRs. This indicates that the star-formation in the
galaxies is indeed concentrated within the nuclei region
and the contribution from the outer part is minimal.
Examining the literature for radio observations of
these dEs, we find that dE5 (UGCA 298) was detected
by the ALFA-ALFA survey. It has a gas mass of 1.7×107
M, approximately 10 times lower than its stellar mass.
Assuming an HI consumption fraction of 10%, the star-
formation activity will last only a few Myr with the cur-
rent SFR (0.025 M yr−1). It is thus very likely that
dE5’s star formation is temporal and at its final phase
before turning into a true red and dead dE.
The underlying halo stellar population is clearly old,
and another critical question to address is how the star-
forming gas is acquired. All of the dEs we study here are
located significantly away from the cluster/group cen-
ters (see Table 1, column 11). Given the radial veloc-
ities are very similar to their host cluster/group cen-
tral galaxies, these dEs might be the backsplash ones
(Jaffe´ et al. 2015). They have radially gone through the
cluster/group core quickly and remained as backsplash
galaxies at the outskirt of the cluster/group, where
they acquire the gas leading to star formation (Sa´nchez
Almeida et al. 2014). But the observed high metallicity
does not favor this hypothesis. If they could have ac-
quired fresh gas from the outskirts of a cluster/group,
the observed emission-line metallicity would be much
lower.
It has also been argued that star-formation activity
can be rejuvenated from recycled gas that flows into the
galactic center (Boselli et al. 2008). That may explain
the observed relatively high metallicity of these young
star-forming blobs. A more quantitative conclusion can
be drawn from detailed abundance analyses for old stel-
lar populations that are not contaminated by the emis-
sion lines from gas. The absorption line indices are cur-
rently hard to measure precisely from the SDSS spectra
because they are dominated by emission lines.
5.2. Formation of Nuclei
We have identified six relatively old dEs that host
a compact star-forming blob near (or at) the center.
Could these star-forming blobs be future nuclei as typi-
cally seen in dEs? Detailed studies of the stellar popula-
tion properties of dE nuclei have revealed that the ma-
jority of them are younger than the halos of their host
galaxies, but the origin of the young age remains elusive
(Paudel et al. 2011). Two main scenarios have been pro-
posed: (1) in situ formation of nuclei in an early epoch
of galaxy evolution (van den Bergh 1986; Milosavljevic´
2004), and (2) reactivated star formation by the fueling
of star-forming gas later on (Bekki 2007).
It is also possible that the entire nuclear structure is
formed in a later phase of galaxy evolution with a burst
of star formation via the sinking of star-forming gas.
That creates younger nuclei at the centers of galaxies.
In this vein, Guillard et al. (2016) proposed a ‘wet migra-
tion’ scenario, where a massive star cluster could form a
little away from the center of a galaxy and migrate to the
center via a combination of interactions with other sub-
structures and dynamical friction. Indeed, we have iden-
tified a few exemplary cases of such off-centered compact
star-forming regions that might act as seeds of nuclei as
proposed in the wet migration scenario.
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dE1 dE2 dE3 dE4 dE5 dE6
VCC0024 VCC0135 VCC0170 VCC0216 VCC0308 VCC0990
Figure 1. g − r− i combined tri-color images obtained from the SDSS sky server with a field of view of 1′×1′. The upper row
shows our six sample dEs. The lower row shows, in the left, blue centered dEs (VCC0024, VCC0135, and VCC0170) from Lisker
et al. (2006), and, in the right, typical dEs with old nuclei (VCC0216, VCC0308, and VCC0990) from Paudel et al. (2011).
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Figure 2. (Upper row) The SDSS g-band residual map after subtracting best-fit galaxy models (see the text for details). We
show only the inner regions with a field a view of 20′′×20′′. The red circles represent the SDSS 3′′ diameter fibre positions.
(Bottom row) The g − r color map where the galaxies’ centers are shown by black crosses and the ellipses represent the best-fit
ellipse at half light radii. The field of view is the same as Figure 1.
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Figure 3. Relation between emission line metallicity, 12 + log(O/H), and r-band absolute magnitude. Blue circles for our six
sample galaxies. Grey dots are for the SDSS star-forming galaxies of the redshift range of 0.01∼ 0.02.
Table 1. Global properties of sample galaxies
Galaxy R.A. Dec. MB z g − r Re n FUV (SFR) M∗ R R.V. Env.
(h:m:s) (d:m:s) (mag) (mag) (kpc) (mag) (log[M yr−1]) log(M) (Mpc) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
DE1 11:17:17.02 +16:19:37.65 −15.60 0.0036 0.89 12.5 1.1 19.7 (−2.11) 8.31 5.4 204 Virgo
DE2 11:30:26.21 +17:19:56.69 −15.02 0.0039 0.94 06.4 1.5 19.9 (−2.62) 8.19 4.5 114 Virgo
DE3 12:24:22.18 +21:09:35.95 −16.20 0.0030 0.81 12.7 1.3 19.0 (−1.93) 8.27 2.5 384 Virgo
DE4 12:40:50.32 +04:31:32.99 −15.64 0.0025 1.01 11.7 1.0 19.1 (−1.85) 8.20 2.3 534 Virgo
DE5 12:46:55.40 +26:33:51.38 −16.00 0.0027 0.94 09.1 2.2 18.8 (−1.70) 8.35 4.2 474 Virgo
DE6 11:53:49.00 +60:52:09.42 −15.23 0.0041 0.96 08.2 1.2 19.9 (−2.52) 8.20 0.7 155 N3945
Note—The magnitudes and redshifts are obtained from the SDSS catalog. The B-band magnitudes are converted from the
g-band magnitudes using an equation, MB = Mg + 0.313 × (g−r) + 0.227, obtained from the SDSS web-pagea. The structural
parameters (Re and n) are derived from surface photometry in the SDSS i-band image excluding central nuclei. The g−r colors
are measured after masking the central 5′′ regions. We perform aperture photometry on publicly available GALEX (Martin
et al. 2005) all-sky survey images to measure FUV fluxes listed in column 9 where the bracketed values are log(SFR) based on
FUV fluxes. In column 10, we list stellar masses of the galaxies derived from r-band magnitudes. In the columns 11 and 12,
we provide sky-projected distances (R) and relative line-of-sight velocities (R.V.) of the galaxies from the cluster center where
they reside (column 13).
ahttp://www.sdss3.org/dr8/algorithms/sdssUBVRITransform.php#Lupton2005
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Table 2. Properties of young nuclei
Image analysis Emission line analysis Old stellar population
Galaxy Mr g − r log(M∗) ∆R FWHM 12+log(O/H) SFR c EW(Hα) Age Age log(Z/Z)
(mag) (mag) (M) (′′) (′′) (dex) (log[M yr−1]) (A˚) (Myr) (Gyr) (dex)
(1) (2) (3) (4) (5) (5) (7) (8) (9) (10) (11) (12) (13)
DE1 −13.3 −0.4 6.70 3.2 0.8 8.59 −1.99 3.4 319 5.04 − −
DE2 −12.5 −0.3 6.45 0.8 1.0 8.53 −2.20 3.0 111 6.21 0.4±0.1 −0.6±0.02
DE3 −12.7 −0.5 6.40 2.2 1.1 8.61 −2.16 3.3 124 6.13 1.2±0.1 −1.3±0.05
DE4 −13.1 −0.3 6.69 0.7 1.2 8.40 −2.31 3.4 83 6.24 0.7±0.1 −0.5±0.02
DE5 −13.5 −0.5 6.72 0.3 0.9 8.60 −1.60 3.5 199 5.61 9.8±1.1 −1.0±0.02
DE6 −13.1 −0.5 6.56 1.3 1.3 8.62 −1.90 3.0 384 4.89 − −
Note—We list r-band absolute magnitudes, g − r color, and stellar masses in columns 2, 3, and 4, respectively. The stellar
mass is derived from r-band luminosity with a mass-to-light ratio calculated from g − r based on Bell et al. (2003). In columns
5 and 6, we provide the galactocentric distances of the nuclei (∆R) and the observed seeing of the SDSS g-band (FWHM),
respectively. Columns 7–11 are for the result of spectroscopic data analysis. The last two columns are the ages and metallicities
of the underlying old stellar population of host galaxies derived from fitting of full spectra.
